Two series of long chain imidazolium and pyridinium based ionic liquids containing an ester functional group in the alkyl side chain, 3-methyl-1-alkyloxycarbonylmethylimidazolium bromides (C n EMeImBr) and 1-alkyloxycarbonylmethylpyridinium bromides (C n EPyrBr), were synthesised and their thermal stability, aggregation behavior in aqueous medium and antimicrobial activity investigated. The introduction of an ester group decreased the thermal stability of the functionalized ILs compared to simple alkyl chain containing ILs (1-alkyl-3-methylimidazolium bromides and 1-alkylpyridinium bromides). Tensiometry, conductimetry and spectrofluorimetry were applied to study the self-aggregation of the amphiphilic ILs in aqueous solution. The ILs investigated displayed surface activity and the characteristic chain length dependence of the micellization process of surfactants. As compared to simple alky chain containing ILs bearing the same hydrocarbon chain, ester-functionalized ILs posses higher adsorption efficiency (pC 20 ) and significantly lower critical micelle concentration (cmc) and surface tension at the cmc (γ cmc ) indicating that the incorporation of an ester group promotes adsorption at the air/water interface and micelle formation. The antimicrobial activity was evaluated against Gram-negative and Gram-positive bacteria and fungi. ILs containing more than eight carbon atoms in the alkyl chain showed antimicrobial activity. Their efficiency as antimicrobial agents increased with the hydrophobicity of the amphiphilic cation being the C 12 homologous the most active compounds. The incorporation of an ester group particularly increased the biological activity against fungi.
INTRODUCTION
The study of ionic liquids (ILs) as a new class of non-molecular, ionic solvents for use in sustainable processes as solvents, catalysts and electrolytes [1] [2] [3] has increased exponentially during the last years. Both the industrial and the academic sectors have realized their potential, resulting in the constant development of novel applications. [4] [5] [6] [7] [8] [9] Most widely studied ILs 10, 11 are comprised of bulky, asymmetric N-containing organic cations in combination with any wide variety of anions, ranging from simple inorganic anions to more complex organic species. One of the main aspects gaining attention in ILs research is the enormous range of cation-anion combinations, which results in a large potential for adjustability of structure-properties. ILs are often called "designer solvents" or considered "task-specific" because of their possibility to be tailored to fulfill the technological demands of a variety of applications. 1, 12, 13 ILs emerged as a possible "green" alternative to common organic solvent due to extremely low vapor pressures. However, other release routes aside evaporation to the environment must be addressed before ILs can be considered as environmental acceptable compounds. Most of the commonly used ILs are not readily biodegradable compounds. Previous studies within our group have focused on synthesizing non-toxic ILs that undergo aerobic biodegradation as a pathway that represents a minimal environmental impact and a means of generating truly green compounds. Our studies on both imidazolium and pyridinium based ILs 14, 15 highlighted that the introduction of a cleavable ester functional group in the side chain leads to a significant increase of the biodegradability of the ionic liquid molecules in comparison to those ILs bearing simple alkyl chains. 16 Long chain imidazolium and pyridinium based ionic liquids consist of a charged hydrophilic head group and a hydrophobic tail and consequently possess an inherent amphiphilic nature.
Several studies [17] [18] [19] [20] [21] [22] have reported that these compounds exhibit an interfacial and aggregation behavior analogous to that displayed by conventional cationic surfactants. Their ability to form self-assembled structures may have consequences in a variety of areas such as the extractions of products from IL-containing systems, the synthesis and purification of bulk ILs, the solvation properties of the ILs molecules, the formation of dispersed or phase-separated systems, etc. In addition, it can be expected that the introduction of specific functional groups in the long-chain IL structure affects the surface properties of amphiphilic ILs. Recent studies show that COOHfunctionalized imidazolium ILs 23 and long chain β-hydroxy-γ-alkyloxy-N-methylimidazolium ILs 24 have superior surface activity compared with the simple alkyl substituted derivatives.
Most of quaternary ammonium based surfactants (QACs) are known to possess, besides to interfacial activity, prominent biological activity against bacteria and fungi. Kopecky 25 found that antimicrobial activity of QACs is closely related to their surfactant properties. Due to the structural resemblances between QACs and long chain pyridinium and imidazolium ILs, it was expected that this type of ILs might also exhibit antimicrobial activity. This anticipation has been widely confirmed by different authors. 22, 26, 27 Likewise, recent toxicology data indicate a strong correlation between the length of the alkyl chain appended to the IL cation and the resulting toxicity. 28 Some authors have analyzed the effect of incorporating a specific functional group in the IL structure on its biological activity. For instance, Morrison et al. 29 observed a clear reduction in toxicity for all the imidazolium ILs containing ether or polyether side chains compared with the alkyl substituted derivatives.
The previous findings above mentioned showing that imidazolium and pyridinium derivatives with long alkyl chains have surface activity and biological activity and our encouraging data on the effect of the ester functionality on promoting IL biodegradability have led us to synthesize and investigate the self-aggregation and antimicrobial activity in aqueous solution of a series of long chain ester-containing ILs.
In the present work, two series of ionic liquids based on imidazolium and pyridinium cations containing a hydrolytically cleavable ester group in the hydrophobic side chain, 3-methyl-1-alkyloxycarbonylmethylimidazolium bromides (C n EMeImBr) and 1-alkyloxycarbonylmethylpyridinium bromides (C n EPyrBr), have been synthesized in order to investigate the effect of the incorporation of a functional group that enhances IL biodegradation on the aggregation behavior and antimicrobial activity of these amphiphilic ionic liquids in aqueous solution as well as to know whether their biological activity is related to their surfactant properties. The research is expected to contribute to further development of biodegradableimproved ionic liquids as polyfunctional compounds as well as to their fate assessment in the environment.
EXPERIMENTAL SECTION

Synthesis of Ionic Liquids.
The synthesis of the 3-methyl-1-alkyloxycarbonylmethylimidazolium bromides [C n EmimBr] and 1-alkyloxycarbonylmethyl-pyridinium bromides [C n EPyrBr] was carried out in two steps using standard methodology. 15, 16, 29, 30 In the first step, the commercially available alcohols were reacted with bromoacetyl bromide to form the desired alkylating agents. Subsequent alkylation of either methylimidazole or pyridine led, respectively, to the imidazolium or piridinium based ionic liquids. Experimental details of the synthetic procedures and analytical data and spectra of the ILs synthesised are described in the Supporting
Information. The molecular structures of the ester functionalized imidazolium and pyridinium based ionic liquids are given in Scheme 1. 21 The excitation wavelength used for pyrene-containing samples was 332 nm. The fluorescence was collected at 373 nm, the wavelength of the first vibronic emission band. Information. The onset decomposition temperature is the intersection of the baseline weight and the tangent of the weight versus temperature curve as decomposition occurs. 34 Table 1 shows the onset temperatures for the ester-functionalized ILs investigated, as well as comparisons to reported onset temperatures for non-functionalized ILs (1-alkyl-3-methylimidazolium and 1-alkylpyridinium bromides, C n MeImBr and C n PyrBr, respectively). The onset of thermal degradation of the ester-contaning imidazolium-based ILs occurs at 210-228 ºC whereas that for the ester-containing pyridinium ILs the thermal degradation occurs at 158-162 ºC. Therefore, the ester-functionalized imidazolium ILs exhibit substantially higher thermal stabilities than the ester-functionalized pyridinium compounds. The alkyl chain length does not significantly affect the thermal stability of the functionalized-pyridinium ILs but increasing the cation size produces a slight increase in the onset decomposition temperature of the imidazolium compounds. These results are in good agreement with those reported by Arellano 35 and Huddleston 37 about the effect of increasing the cation size on thermal stability of 1-alkyl-3 methyl imidazolium salts.
Compared to simple alkyl-chain containing ILs, the introduction of an ester group in the alkyl side chain results in a decrease of 50-70 ºC in the decomposition onset temperature for the imidazolium based ILs and about 100 ºC for the pyridinium based ILs (Table 1) .
Self-aggregation in aqueous solution.
The aggregation properties of the ester-functionalized ionic liquids in aqueous media were determined by means of different experimental techniques involving conductivity, surface tension, and fluorescence. The results are summarized in Table 2 . The specific conductivity values fit into two straight lines of different slopes, and from the location of the abrupt change of slopes the corresponding value was derived for the cmc. In the low concentration range the raise of κ is due to the increase of free C n EMeIm + and Br -ions for C n EMeImBr series and C n EPyr + and Br -for C n EPyrBr series. Above the cmc the augmentation of the specific conductivity has a smaller slope because of two reasons: i) the micelles can contribute to the charge transport to lesser extent than free ions owing to their lower mobility and ii) the binding of a fraction of the counterions to the micellar surface results in an effective loss of ionic charges. 22, 38 The counterion binding parameter (β) gives the average number of counterions per surfactant ion in the micelle and can be estimated from the ratio of the slopes. 39 The values of the cmc and β obtained by a least-squares analysis are presented in Table 2 .
A progressive cmc diminution when the number of carbon atoms of the alkyl chain increased was observed for both series of ester-functionalized ionic liquids ( Table 2 ). This behavior is analogous to that described for different ionic surfactant families 40, 41 as well as for nonfunctionalized imidazolium 20, 22, [42] [43] [44] and pyridinium based ILs. 22, 45 For these ester-containing imidazolium and pyridinium based ILs, there is a linear relationship between log cmc and the number of carbon atoms in the alkyl chain ( Figure 2 ). Comparing the two series of ester-functionalized ILs, C n EMeImBr and C n EPyrBr, it can be observed ( Table 2 ) that very similar cmc values are obtained for the homologous with the same alkyl chain length. It suggested than both polar head groups posses a very similar hydrophobic character that does not affect the tendency to form micelles as already reported for simple alkyl chain containing imidazolium and pyrdinium ILs.
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Imidazolium and pyridinium based ionic liquids with an ester moiety possess lower cmc values (Table 2 ) than the corresponding non-functionalized homologous. 22 Thus, ester-containing imidazolium and pyridinium ILs exhibit a 2-3 fold decrease in cmc values compared to the simple alky-chain containing ILs. The introduction of an ester functional group in the hydrophobic chain close to the polar headgroup leads to a reduction in cmc values that could be attributed to the increased H-bonding in the headgroup region. 46, 47 The values of the counterion binding parameter β increased with increasing the alkyl chain length from C 6 to C 14 similarly to that observed for non-funtionalized ILs. 19, 20, 22, 32 Thus, the counterion is stronger bonded to the aggregate as its alkyl chain becomes longer. The similarity between the values of the β parameter for C n EMeImBr, C n EPyrBr ( Table 2 . These values are negative and give evidence that the micelle formation in aqueous solution of the esterfunctionalized ionic liquids investigated is a spontaneous process. As observed the longer the alkyl chain length the more negative the free energy of Gibbs indicating that the aggregation process takes place easier with the increase of the alky chain length.
Surface tension measurements.
The plot of surface tension (γ) versus the logarithm of the ionic liquid concentration for the C n EMeImBr and C n EPyrBr series is shown in Figure 3 .
Critical micelle concentration (cmc), adsorption efficiency adsorption effectiveness (π cmc ) and area per molecule residing at the surface (A min ) ( Table 2) were obtained from the surface tension isotherms displayed in Figure 3 . The surface tension decreases with increasing the IL concentration as a consequence of the adsorption on the air/liquid interface of the C n EMeImBr and C n EPyrBr compounds. For most of the C n EMeImBr and C n EPyrBr salts a minimum of surface tension appears before attaining a plateau. This is a common behavior of classical ionic or non-ionic surfactants containing a certain amount of impurities that adsorb strongly in the liquid/air interface, 41 and for these compounds the minimum can be easily reduced or eliminated by purification. However, in the case of the ionic liquids investigated, the additional steps of purification did not lead to a 22 with the same alkyl chain lengths). Goodchild et al. 50 tentatively attributed the presence of a minimum on the surface pressure curve to the formation of surface micelles prior to bulk aggregation and the re-establishment of a surface monolayer at concentrations greater than the cmc. This phenomena coinciding with aggregation may lower the accuracy of the aggregation onset determination. In this work the concentration at which the minimum appeared was assigned to the cmc value.
The cmc values of ester-containing ILs decrease with increasing the alkyl chain length for both C n EMeImBr and C n EPyrBr series. The cmc decreases by increasing the hydrophobicity which makes the ionic liquids with longer alkyl chain more surface active.
From the surface tension plots, two additional parameters, the effectiveness of surfactant to decrease surface tension of solvent (π cmc ) and the adsorption efficiency (pC 20 ) and can also be estimated. 41 π cmc can be determined as follows:
= −
Where γ o is the surface tension of pure solvent and γ cmc is the surface tension at cmc. The pC 20 parameter is determined by using the following equation:
= − log 20
Where C 20 is the concentration of surfactant to reduce the surface tension of pure solvent by 20 mN/m. The negative logarithm of the concentration of surfactant in the bulk phase required to produce a 20 mN/m reduction in the surface tension of the solvent is a convenient measure of the efficiency of adsorption of the surfactant, i.e., it is close to the minimum concentration needed to produce saturation adsorption at the interface. The larger the value of pC 20 , the more efficiently the surfactant is adsorbed at the interface and the more efficiently it reduces surface tension.
18,50
The π cmc and pC 20 values of the ester-functionalized ILs are displayed in Table 2 . The data show that, as a function of increasing alkyl chain length, both the effectiveness (π cmc ) and the adsorption efficiency (pC 20 ) increase and that, at the same alky chain length, π cmc and pC 20 parameters of the ester-imidazolium and ester-pyridinium homologues are very similar. The Gibbs adsorption isotherm equation was applied to the surface tension versus concentration data to estimate the average area per molecule residing at the surface (A min ). 41 As not correction for non-ideality has been made despite the high ionic strengths of the solution near the cmc, the A min values must be considered as rough estimates. The resulting A min are given in The relative values of the A min can be used to estimate aggregates shapes near the cmc. An approach of the shape of the aggregate may be obtained from geometric arguments using the Israelachvili´s ratio:
Where v is the tail group volume, a is the headgroup area and l is the tail group chain length of the amphiphile. 53 If f < 1/3, spherical micelles are expected. Using the A min values determined from the surface tension data (Table 2) and the values of l and v established using the Tanford formula 54 we found values of f lower than 1/3 for all the homologs studied. Therefore, at concentrations closed to the cmc, spherical aggregates may be expected for all the ionic liquids investigated.
As discussed above, the presence of an ester linkage between the cationic headgroup and the hydrophobic chain of the imidazolium and pyridinium based ILs affects their micellization as well as their adsorption at the aqueous solution-air interface. In order to evaluate the relative effect of the ester functional group on these two processes the cmc/C 20 ratio 41 was calculated.
The introduction of an ester group lead to a significant increase in the cmc/C 20 ratio as compared to this ratio for single alkyl chain substituent homologous 18 which indicates that for esterfunctionalized ILs adsorption is facilitated more than micellization probably due to the introduction of a larger hydrophilic group.
Fluorescence measurements.
Steady state fluorescence measurements using pyrene as the solvatochromic probe were applied to study the micelle aggregation behavior of these ester- Table 2 . be applied to the determination of the cmc of C n EPyrBr ionic liquids because the fluorescence of the pyrene is quenched by the ionic liquid itself. 21 The aggregation behavior of the 1-alkyloxycarbonylmethyl-pyridinium bromides was studied by the method proposed by Blesic et al. 21 to determine the cmc of 1-alkyl-3-methylpyridinium chlorides. The onset of micellization of pyridinium based ionic liquids studied can be determined as a pronounced break-point in the plot of I o /I (fluorescence intensity in the absence, I o , and presence, I, of ionic liquid) versus the concentration of ionic liquid ( Figure 5 ). The cmc of C 6 and C 8 cannot be determined by this method because the cmc of these ionic liquids is higher than the concentration at which complete quenching of pyrene occurs. With the limit of cmc-quenching this method provides results that are in good agreement with those obtained from other well-established conductivity and surface tension techniques (Table 2) . (Table 3) it is obvious that the antimicrobial activity of the imidazolium-and pyridinium-based ionic liquids with an ester moiety depends on the alkyl chain length as also reported for cationic surfactants 25, [56] [57] [58] and other ionic liquids. 22, 26, 27 The shorter homologous of each series tested (C 6 -C 8 EmimBr and C 6 -C 8 EPyrBr) showed low activity (MIC ≥256 mg/L) against all the microorganisms tested. Ester-containing imidazolium and pyridinium salts with more than eight carbon atoms in the alkyl chain showed biological activity against a wide range of Gram-positive microorganisms. These C 10, C 12 and C 14 homologous also exhibited activity against most of Gram-negative bacteria, although their efficiency is higher against
Gram-positive bacteria. In addition, C 10 to C 14 homologous with an ester linkage in the hydrocarbon side chain showed significant antifungal activity.
Compared to simple alkyl chain-containing ILs, the introduction of an ester group in the alkyl chain close to the cationic core leads to a significant increase of the antimicrobial activity for C 10 -C 12 homologues whereas C 14 homologues show similar or slightly lower biological activity (Table 3 ). It is noteworthy that the antifungal activity increased significantly by introducing an ester group in the hydrophobic side chain of the imidazolium and pyridinium ionic liquids as compared to non-funtionalized ILs. The effect of the ester moiety on increasing the antifungal efficacy of both imidazolium and pyridinium based ILs is consistent with data reported by Kanjilal et al. 46 on antimicrobial activity of some ester-containing imidazolium salts. When compared with ILs containing other functional groups, these ester-functionalized ILs resulted to be slightly more active as antimicrobial agents than 1-alkyloxymethyl-3-methylimidazolium salts 26 and clearly much more active than imidazolium derivatives with polyether functional groups in the side chain. 29 Finally, compared with the classical quaternary ammonium surfactant HTAB (Table 3) , these ester-functionalized ILs show a high to moderate activity level against
Gram-positive and Gram-negative bacteria, respectively.
As discussed above, the elongation of the alkyl substituent increases the biological activity of the ester-functionalized ILs. However, for most of the microorganism strains the MIC values displayed a minimum with increasing alkyl chain length. Thus, ester-containing ionic liquids with an alkyl chain length of 12 carbon atoms showed the highest efficiency as antimicrobial agents. The biological activity decreased or remained practically constant for esterfunctionalized C 14 homologues. The optimum biological effect at a specific chain length can be attributed to the combination of several physicochemical parameters: hydrophobicity, adsorption, cmc, aqueous solubility and transport in the test medium, the solubility being the limiting step for the transport. 13, 59 For the ILs here investigated, the cooperative interaction of these variables determined that the homologous of 12 carbon atoms have the largest tendency to be adsorbed at the bacterial/water interface and therefore exert their antimicrobial action at the lowest concentrations. The optimum efficacy at a certain chain length is consisting with data reported in literature concerning the biological activity of long-chain amphiphilic ionic liquids. 26 Thus, maximum efficiency as antimicrobial agents was reported for alkylimidazolium and alkyloxyimidazolium lactates containing 11 or 12 carbon atoms in the alkyl group, 26 for alkylimidazolium salts with 12 or 14 carbon atoms in the alkyl chain 22, 27 and for alkylpyridinium salts with 14 carbon atoms in the alkyl chain. 22 On the other hand, it is noteworthy that the nature of the hydrophilic group, imidazolium or pyridinium based cations, has not a significant effect on their biological activity (Table 3 ). This corroborates that the hydrophilic character of both polar head groups are very similar as previously suggested by the study of the surface properties for both functionalized IL series (Table 2 ).
Kopecky 25 reported that the antimicrobial activity of QACs was closely related to their surfactant properties. Due to their amphiphilic nature, the ester-functionalized ILs here investigated exhibit many characteristic features of cationic surfactants. As reported for QACs 25 and for single-alkyl chain-containing ILs, 22,26 the ester-imidazolium and ester-pyridinium derivatives with and alkyl chain below a certain length, and thus weak surfactant properties, were found to be ineffective as antimicrobial agents. The increase of biological activity observed for the C 10 -C 12 ester-functionalized homologues as compared to simple alkyl-chain containing ILs (Table 3) could be attributed to the increase in surface activity resulting on introducing an ester functional group in the hydrophobic side chain (Table 2) . However, for C 14 ester-derivatives the elongation of the chain length did not lead to an increase in their biological efficacy. As suggested by Luczak et al. 13 the micellization process could be a reasonably explanation for the cut-off effect on biological activity observed as a function of the alkyl chain length for estercontaining ILs. Thus, although C 14 ester-derivatives exhibit better surface properties than the shorter ester-derivatives homologues (Table 2 ) and the corresponding non-functionalized C 14 -homologues, 22 their low cmc values (that can even be lower in salty systems 18, 24, 44 as the aqueous medium of the MIC tests) lead to the formation of aggregates at very low concentrations resulting in a decrease of the compound concentration at the site of action as well as in its permeation ability. 
CONCLUSIONS
The introduction of an ester group in the alkyl tail attached to the polar head group leads to ionic liquids with higher surface activity as compared to simple alkyl chain containing ILs and to conventional cationic surfactants like alkyltrimethylammonium compounds. In the homologous This study shows that the introduction of a hydrolytically cleavable ester functionality in the hydrophobic alkyl side chain not only improves IL biodegradation but also surface and biological activities of ILs. The better understanding of the structural parameters affecting selfaggregation and biological activity of the long chain ionic liquids described in this work is expected to aid in the design and selection of ionic liquids with improved physicochemical and biological properties for new pharmaceutical, engineering or nanotechnology applications as well as for the environmental fate assessment of these compounds since the interfacial phenomena play a crucial role in the biodegradation processes.
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